In this paper, a smooth robust time-varying controller is proposed to regulate a servosystem with stick-slip friction. The controller has the advantage of simultaneously achieving zero regulating error and smoothness of motion. Only an upper bound on the maximum static friction torque is required for controller design. Lyapunov's second method is employed to prove the global asymptotic stability of the closed-loop system. Numerical simulations of regulating a servo-system with friction are presented as an illustration.
with stick-slip friction and achieved asymptotic stability.
near the desired reference, causing extra acceleration disDividing both sides of equation (2) by k m gives turbances, which are often undesirable. Owing to uncertainty, the friction parameters in equastructure systems, specifically the method of sliding tion (4) may not be known exactly for control design. mode proposed by Slotine and Li [6 ] . In order to force However, an upper bound, say r, on the breakaway the system dynamics on to the sliding mode, we use a torque t st is assumed to be known: smooth robust controller with a time-varying hyperbolic r>t st tangent function, which switches around the sliding surface in a smooth manner. The smooth robust controller Therefore, r>|t∞|, where t∞, excluding the viscous fricensures the global asymptotic stability of the closed-loop tion torque, is defined by system, as proved by Lyapunov's direct method.
Jq(t)+Bq(t)+t
t∞=t st sgn(q)−t e (1−e−(T 0 |q|)) sgn(q) Numerical simulations of applying the proposed control scheme to a 1 DOF d.c. motor system show that
stick-slip friction can be effectively compensated and precision regulation can be achieved.
CONTROL DESIGN
First the following control errors are defined: 2 THE SYSTEM MODEL e=q−qd, ė =q −qd (6) In this paper, the following mathematical formulation where qd and qd are desired position and velocity respectof the stick-slip friction (denoted by t fm ) with some ively. Since we consider a regulator problem, qd=0. common friction components is used:
Therefore, ė =q. Also define the auxiliary control variables r and ṙ by t fm =t stm sgn(q)+k
where l is a positive constant. where k vism is the coefficient of viscous friction, t stm The regulator employing a PD feedback torque and a represents the maximum static friction torque or breaksmooth robust time-varying friction compensation away torque, −t em non-linear compensator to overcome the friction at a lower error value.
The smooth controller has advantages over the conventional robust controllers, such as the bang-bang (discontinuous-type) and the saturation (continuous-type) where q(t) is the rotor angular position, J m is the total moment of inertia reflected to the rotor axis, R and i m controllers, in the sense that both asymptotic stability of the closed-loop system and smooth control action can denote the armature resistance and current respectively, k b and k m stand for the back e.m.f. constant and motor be guaranteed simultaneously [5, 7] . This has also been numerically verified [8] . The controller is continuously torque constant respectively and t fm is the stick-slip friction.
differentiable with respect to time and joint displacement and thus guarantees that no extra acceleration disturbball centred at the origin with a radius c as long as equation (12) is satisfied. Furthermore, it can be easily ance is introduced to the robot system and eliminates unsmooth behaviours such as limit cycle and jerk shown from equation (13) that, as t 2, c 0. Hence, as t 2, V ∏0, and V =0 only when r=0. Therefore, discontinuity.
In the next section, the stability theorem is presented it can be concluded that r asymptotically converges to zero as t 2. If r=0, then e and ė converge to zero as and a stability analysis of the closed-loop system carried out. t 2, i.e. q 0 andd as t 2. Therefore, global asymptotic stability of the position regulating system is achieved.
STABILITY THEOREM AND PROOF

NUMERICAL SIMULATIONS Theorem
The servo-system (2) is globally asymptotically stable
In order to illustrate the efficacy of the proposed control with the smooth robust controller (8), i.e. the position method, numerical simulations of regulating a d.c. motor error converges to zero as t 2.
with stick-slip friction are performed. The d.c. motor is required to move from its initial position q=0.5 rad to Proof. Substituting the controller (8) and the friction the final position q=0. The motor parameters in the torque (4) into the system model (3) and utilizing equasystem model (4) and the friction parameters in the friction (5) give tion model (5) are listed in Table 1 ; however, these values Jq +Bq +k
are unknown to control designers. An upper bound on the breakaway torque is assumed to be known and Using equation (7) Figure 3 explains the cause of the large error; where K=B+k vis +lJ. The Lyapunov function candithe PD input torque is not enough to overcome the fricdate is globally positive definite, and continuous and tion torque when the error decreases to 0.13 rad; theredifferentiable with respect to r and time t. The derivative fore 'stiction' occurs. The history of the PD control of V along the system trajectory (9) is torque and the friction torque is shown in Fig. 4 . V =rJṙ +elKė (9) are designed to be 10 and 1.5 respectively so that the same PD gains as in positioning error is further reduced, as shown in Fig. 7 . Simulation data reveal that e=0.000 04 rad at t=10 s. Fig. 2 are still being used in the K D r term of this controller. Figure 5 shows the control error of the robust com-A more accurate result can be achieved by increasing the values of a and b. Figure 8 shows that with the robust pensator with relatively small a and b values (a=10, b=10). In comparison with that in Fig. 2 , the poscompensator (a=1000, b=100) the input torque beats the friction torque at a much lower positioning error itioning error is greatly reduced and it is so small that they cannot be distinguished to graphical accuracy.
when comparing with the pure PD control shown in Fig. 4 . Hence, in Fig. 6 the figure is rescaled in order to observe on breakaway torque is required for control design, and no exact knowledge of friction is required. The efficacy of the friction compensation strategy is also illustrated and verified by a numerical example of regulating a d.c. motor with stick-slip friction.
